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Abstract
The objective of this thesis was to design and build a work cell that utilized a
robotic vision system to assemble a micro motor. The work cell design consisted
of an Adept SCARA robot with a vision system, end-of-arm tooling, and a
combination work surface/ lighting system. On-screen vision tools were applied
to images of the parts, both binary and gray scale, to assist in accurate part
recognition. Using these images, retained by the vision system as reference, the
robotic vision software was programmed to enable the robot to pick up the
various parts in random positions within the cell and assemble them into the
micro motor. The techniques used allow for accurate identification of the parts
with no concern for orientation during part presentation for pickup or
placement. The micro motor assembly involves three parts, two of which mate
intimatelywith one another and have close clearances. The whole assembly is
complicated by the small size of the individual parts. The assembly of the motor
was quite difficult to accomplish and had numerous problems associated with it
that needed to be overcome.
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1 Introduction
In recent years, miniaturization has been the theme around the globe in
themanufacturing community. Stepper motors are no exception to this theme.
Their sizes have been reduced to fit in cameras, camcorders, automobile
odometers, photocopiers and even computer printers [8]. The actual sizes of the
stepper motors used in these devices can range from 38 mm to as small as 8 mm
in diameter. As a result of the motor's small size, the termmicro is applied to the
motors. Coincidingwith the miniaturization of components amongst the
manufacturing community, local camera manufacturer Eastman Kodak
Company had a desire to manufacture and assemble a micro motor that could be
used in their products. Representatives of the company approached the faculty
of the Center for Integrated Manufacturing Studies (CIMS) at the Rochester
Institute of Technology with a proposal for a joint project to develop flexible
automation thatwould produce a micro motor whichwould meet their needs. A
partnership was formed and was enhanced by the inclusion of students. The
design team felt that students would give much creative input to the project.
Some students came from the small enrollment roster of aMechanical
Engineering Department technical elective inmechanical design. The focus was
to spawn new concepts for end-of-arm tooling, part feeders, and a functional
automated workcell. Instead of designing a product for market, the challenge,
given to the students, was to build a system for assembling an already existing
product. This is where the author's involvementwith this project began. After
successfully building a completework cell, refinements and improvements were
suggested for future ongoing development. As a requirement for his graduate
degree, the author chose to expand upon his past work and involve new
sophisticated technology to design a new and improved work cell for assembling
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the micro motor. The micro motor was actually a tiny steppermotor used for
controlling precisemovement ofmechanical parts. It had an outer diameter of 10
mm and was notmuch larger than a #5 pencil eraser. The micro motor assembly
contained 17 partswhich included wire tabs, a press fit gear, and operations such
as soldering and spotwelding (Figure 1). To simplify the robotic assembly of the
motor, the soldering, pressing, and spotwelding operations were eliminated,
allowing concentration on the mechanical assembly of the internal parts of the
micro motor. The assembly of the micro stepper motor actually consisted of
assembling just one half of themotor which included amotor housing, a bobbin,
and a stator (yoke), all of which had close fitting clearances.
(a) (b) (c) (d) (e) (f) (g) (h) (i)
Figure 1: Exploded View of theMicro StepperMotor.
(a,i) Housing, (b,h) Bobbin, (c,g) Yoke, (d,f) Washer, (e) Rotor,
and a complete assembled motor appears in the background.
The purpose of thisworkwas to design and develop a robotic workcell, as
shown in Figure 2, to assemble a micro steppermotor (MSM) utilizing robotic
vision. In addition to developing the cell, the robot's end effector systemwas
designed, built, and tested.
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Figure 2: Photograph ofRobotic Workcell
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The function of this particular MSM was to operate the shutter mechanism
of a camera. The MSM controlled the start and stop positioning of the shutter to
insure the correct exposure of the photographic film. The task of assembling this
10 mmMSM was difficult because it had small parts with close clearances. Some
were assembled with sliding fit tolerances while others only had 0.05 mm
circumferential clearance.
The MSM parts were presented to the robot with random positions and
orientations. Using a vision system to recognize individual parts, the robot
accurately located each part and assembled the motor one part at a time. The
scope of this project was limited to assembling just half of the tiny motor.
Difficulties were encountered in the assembly process due to the parts being
symmetrical, cylindrical, and similar in appearance to one another. The vision
system was required to identify the parts as viewed from above due to the
mounting position of the camera on the robot arm. This allowed for incorrect
identification of the 3-dimensional parts, since near perfect lightingwas required
to illuminate the parts in such a way as to uniquely display each part while all of
the parts were in the field of view (FOV) of the vision system. Also, the parts
were extremely close in color, surface condition, and reflectivity, increasing the
difficulty of accurate part identification. The vision system can only resolve the
images in binary or gray scale, so color variation and reflection were easily
misinterpreted causing incorrect identification of the parts, and their specific
orientation and locations.
Parts were presented to the robot on a backlight fixture. This provided a
simulated white color contrasting background for the parts, which appeared
black in the FOV. This technique provided a silhouette of each part allowing the
robot to perform both gray scale and binary imaging for part recognition.
Orientation of each part was completely random. The software, coupled with the
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vision system, compensated for differing part orientations. It executed different
transformations within the software to control the necessary movements of the
robot required to accurately pick up the parts. These transformations
compensated for the relative positioning of the components within the work cell:
the robot quill, the robot base, themounting position of the camera, the end-of-
arm tooling, and the positions of the parts themselves.
The physical pick up of the parts was accomplished by a single end
effector; a two finger gripper (TFG) as shown in Figure 3. Each finger of the TFG
was designed to be able to pickup all of the parts. Each fingerwas precision
machined to help control tolerance stackup in the end-of-arm assembly and also
to insure secure accurate pickup and placement of the parts during the assembly
operation.
Figure 3: Two-Finger Gripper (TFG)
2 Literature Search
In the vision assisted robotic assembly of the micro motor, the parts were
presented with random locations and as well as random orientations about the z-
axis. In addition, the assembly sequence was required to assemble parts that
contained line contacts and close clearances ofmating features. The small size of
the parts and the inclusion ofmating part features thatwere even smaller made
the assembly process difficult. The author attempted to identify and to find
similar assembly tasks described in literature. An extensive literature search was
conducted to identify recent papers that dealt with the assembly of small parts
with close clearances.
2.1 Random Part Presentation
Previous work by Tung and Kak [1] demonstrated the effective use of a
robot to assemble complex parts which were introduced to the robot with
completely random positions and completely random orientations. Software,
coupled with the use of several cameras, was designed to allow complete
assembly tasks to be performed. These included object recognition, object
manipulation, fixture recognition and location, object insertion, measurement of
features, and verification. Tung and Kak's [1] successful approach was to throw
the parts of an assembly in front of the robot so they landed on the work surface
in random poses and random locations in an area that is kinematically accessible
to the robot. The desired goal was to have the robot learn the assembly goals
automatically. The goal was achieved by using many cameras to recognize the
various parts, and through partmeasurement by the gripper. This technique
was similar to the use of artificial intelligence. Although the level of achievement
was remarkable, there was some human intervention and training of robot tasks
required. The training of assembly tasks allowed formation of an assembly
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sequence, as with all assembly applications, which provided the hierarchy of
systematic assembly tasks. The micro motor assembly sequence in this thesis,
utilizes one camera, and assembles parts (through prior recognition defined by
predetermined vision tool parameters), but does not include learning the
assembly tasks. These operations are taught. This is themost commonmethod
of robot programmingwhich is done either by manual programming or using a
teach pendant as part of the "teach-by-showing" method [2],
2.2 Contact Forces
Precision assembly, close clearance fitting parts, and interference fits of
parts during assembly are characterized by geometrical constraints and contact
forces developed during the various assembly operations. Furthermore, the
stability level of grasp contact forces, exhibited between a part and a gripper, is
also of interest. The work developed by Tung and Kak [1], Rajan and Nof [3],
and Ikeuchi and Suehiro [2] addresses assembly constraints for mating parts.
Yao [4] describes the importance ofmating rigid parts having their insertion
motions be free of excessive contact forces. A component in an assembly is
constrained by all of the components thatmate with it and also possibly some
non-mating components [3]. The work surface can be considered both amating
and a non-mating component. Themating condition of the work surface is
described by the fact that the parts are constrained in one-plane (x-y) and mate
intimately with the part contact surfaces. Contact forces are developed between
mating faces or contact faces. Depending on the respective design tolerances of a
mating part, a certain contact force is developed during assembly. Some contact
forces are desirable as in the case of a press fit, while some are not as in the case
of a static-sensitive assembly. Contact forces, shown in Figure 4, are the result of
a peg-chamfer contact which displays the associated contact forces developed
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during insertion of the peg [4]. Depending on the velocity developed during the
insertionmotion, the impact energy of the inserted part that is imparted to the
receiving part could cause damage to both of the parts and/or the tooling, or
causemisalignment of either part. The MSM parts are delicate and during
training of the insertion operations, some parts were damaged. Proper
alignment during training and/or proper part design (chamfers, radii, etc.) is
vital in diffusing potentially excessive and destructive contact forces that
develop during insertion operations. In the MSM assembly, some small contact
forces were developed during insertion of the bobbin into the housing and
during insertion of the yoke into the bobbin. Although, these contact forces are
extremely minute due to the minimal contact areas, critical training of part
placement locations is essential to reduce or eliminate these contact forces.
Specifically, the insertion axis of the part centered on the gripper must be aligned
with the receiving part. For the MSM, this is crucial to repeatable assembly.
Chamfer
Hole
(a) (b)
Figure 4: Schematic ofPeg-Chamfer Contact.
(a) Chamfer-crossing (side view).(b) Chamfer-crossing (top view) [4].
where: N is the resultant contact force, Ni is the lateral component, u is
thefriction coefficient of the mating surfaces, and a is the chamfer angle.
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2.3 States of Contact
Various states of contact experienced during insertion operations are
characterized and shown in Figure 5. These various states of contact, due to part
geometries, can cause difficulties for assembly. The MSM part contacts are
characterized as follows: the bobbin-to-housing is a two point contactwhile the
yoke-to bobbin is first characterized as a single point contact and then upgraded
to a two point contact due to part features mating at different elevations
consistent with the translation of the part through the insertion operation.
Q%
Figure 5: Various States ofContact, (a) No contact, (b) One-point contact.
(c) Two-point contact, (d) Assembled state [6].
Upon contact, the receiving part can translate or rotate allowing for
misalignment or damage. The insertion force can be monitored by a sensor
and/or diffused by a compliant device contained within the end-of-arm tooling
orwithin the work surface. A device, known as Remote Center Compliance
(RCC) was invented in 1976-1977 by PaulWatson, Samuel Drake, and Sergio
Simunovic at Draper Laboratories in Cambridge, MA [10]. This device provides
the necessary compliance for tooling to adjust its position, independent of the
robot, during insertion operations. The device can accommodate both lateral and
angular displacement upon contact of tooling with parts to be assembled as
shown in Figure 6. The shifting action of the tooling actually decreases the direct
insertion force and allows a different area of the tooling contact surface to
become in contact with the receiving part. Furthermore, the newly created
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incident angle between the two
parts'
surfaces, due to the RCC or other
compliant device, provides the new contact area with the ability to slide on the
incident surface. The principle intention of the shift is to reduce the frictional
force generated by the contact surfaces to ease part insertion. Due to the
engineering effort to understand part and tooling compliance during assembly,
new concepts for part design were developed. A theory of compliant part
mating and the invention of some low-insertion force shapes for connector pins
and sockets was developed by Richard Gustavson and Michael Hennessey in
1983 [10].
] r
1
: workpiece
(a) Lateral Part (b) Angular Part
of Linkage RCC of Linkage RCC
(c) Complete
Linkage RCC
:\
(d) Linkage
RCC Under Lateral
and Angular
Deformation
Figure 6: The Principle of the Remote Center Compliance [10].
The work surface may contain a vibratory unit that allows the work part
to vibrate and subsequently, achieve the same result of the tooling compliance
device by the changing the initial contact interface through induced vibration.
The state of stability of the resulting contact has been
evaluated byMontana [6].
10
Chapter 2 Literature Search
2.4 Grasp Stability
Montana's [6] work discusses two different views of what constitutes the
state of a grasp, leading to two different concepts of grasp stability: spatial grasp
stability and contact grasp stability. Spatial grasp stability examines the state of
stability of a grasp as a function of the position (and velocity) of the grasped
object relative to the palm of the hand. Here, grasp stability refers to the
tendency of the object to return to its original position when displaced by a small
external force. Contact grasp stability examines the state of stability as a function
of the position (and velocity) of the points of contact on the surfaces of the object
and the fingers. Here, grasp stability is the tendency of the points of contact to
return to their original locations in response to a disturbance [6]. In addition to
contact stability, two others categories of work exist: sliding contact and rolling
contact.
2.5 Contact Stability
For sliding contact, Hanafusa and Asada [9] built a hand whose fingertips
slid along the surface of a grasped object in such away as to minimize a
mechanical potential energy. The results of theirwork reveal that if a system
would return to its equilibrium position in response to any small displacement of
the contact points, then the grasp is considered (contact) stable. For rolling
contact, Cutkosky andWright [7] analyzed different two-fingered grasp
scenarios to determine the contact stability of each. The factors they found to
contribute to grasp stability are: 1) local geometry of the object at the points of
contact, 2) local geometry of the fingertips, 3) distance between the points of
contact, 4) viscoelasticity of the fingers and object, 5) applied normal force, and 6)
moment of inertia of the grasped object. Figures 7-8 display the effects of both
part geometry and finger geometry on grasp stability,
respectively.
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Based on the grasping technique required for each part due to its
geometry, functions and assembly requirements, selection of a single end effector
or multiple tools must be considered. Generally, intimatemating of the end
effector and the intended part is desired.
Montana [6] found that the six factors determined by Cutkosky and
Wright [7] were actually split into two groups. The three factors that determine
whether a grasp is naturally stable or unstable are: 1) the local geometry of the
object, 2) the local geometry of the fingers, and 3) the distance between the points
of contact. The other three factors, viscoelasticity, normal forces, and moment of
inertia, only determine the degree of instability of a naturally unstable grasp
(and therefore, the difficulty of stabilizing the grasp) [6]. The first five of these
factors were observed during experimental work by the author. The sixth factor,
moment of inertia, was not observed due to the size, shape, and mass of the parts
compared to the robot end effector.
Precision assembly is only achievable through optimization of the past
and presentwork described above, as well as through employment of a vision
system with resolution capable of the desired assembly tolerances. Calibration of
the vision system, the lighting technique used for part presentation, and the
application of the appropriate vision tools should lead to a successful assembly.
Most pastwork, discussed in the literature, with respect to precision assembly
tolerances centered around the peg-in-hole application of surfacemount devices.
Rather than discuss these applications the author chose to concentrate on the
works containing the elements comprising precision assembly.
12
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(a) (b)
Fz'gwre 7: LoozZ Geometry ofObjects Affects Stability, (a) unstable and (b) stable [6].
i
^P
(a) (b)
Figure 8: Local Geometry ofFingers Affects Stability, (a) stable and (b) unstable [6].
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3 Micro Motor
3.1 General Part Discussion
The micromotor parts thatwere assembled in this thesis included a
bobbin, a stator (yoke), and a housing as shown in Figure 9. These parts were
small in size and fit together intimately. The yoke and the housingwere metal
stampings. Both the yoke and the housing appeared gray in color under ambient
light, however, the yoke appeared slightly diffusewhile the housing appeared
quite shiny. The bobbinwas plastic injectionmolded and then had 10 ft of fine
wire wrapped around its core. Electrical contact pins were soldered onto the
ends of thewire and attached to the bobbin via being pressed into place. This
particular area was referred to as the electrical contact area of the bobbin. The
bobbin appeared a light yellow in color.
Figure 9: Photograph ofUnpointed Parts (front) and Black Painted Parts (rear).
14
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When these parts were placed under lighting conditions required for
image recognition by the vision system, they exhibited different characteristics.
Lightwas specularly reflected from the parts causing bright spots and washing
out of the desired details of the parts and their features. After numerous
attempts to obtain repeatable recognizable images of these parts with various
front lighting techniques, a back lightwas employed. With binary imaging,
although usable images were found, the inspection operation failed repeatability.
Through use of various on-screen vision tools of the vision system, it was
observed that the recognition of parts was a success, but their orientation was not
repeatable. Some vision tools work much better utilizing gray scale images to
produce repeatable results. When applying gray scale imaging to these parts, it
was found that the vision tools failed to produce desired results. Itwas decided
that in order to achieve a successful assembly, the parts would be painted black.
This created the highest degree of color contrast against the white background
thatwas provided by the backlight system. Upon painting the parts black it was
still noted that reflectionwas causing recognition problems. A photographer's
dulling spray was utilized on all of the parts on top of the black paint. This cut
down the glare thatwas observed with gray scale images as well as defining the
various part features. Utilizing the parts in the painted condition allowed a
successful first order solution of the assembly of the micro motor (Figure 9).
Actual assembly of this little micro motor involved additional parameters
and issues different from the painted part versus unpainted part condition. The
parts were a challenge due to their small size and required assembly tolerances.
Two insertion operations were required. Each insertion operation actually
required three separate fit conditions along the length of the insertion axes to be
accommodated due to 3-dimensional part features and their associated mating
15
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conditions, all of which contained two-point contacts as described in the work by
Montana [6].
3.2 Bobbin, Bobbin-Housing
The first insertion operation involved the placement of the bobbinwithin
the housing. The bobbin exhibited diametrical features that fitwithin the
housing. It also possessed an electrical contact area that projected perpendicular
to the axis of insertion. The bobbin also contained splines thatwere parallel to
the axis of insertion while being positioned symmetrically around the axis of
insertion. The axis of insertion for these parts was vertical and each part was
lowered into a receiving part as shown in Figure 10.
YDKE
igsa.
L n
EDBBIN
HOUSING
Figure 10: Z-axis ofInsertion
The sequence of events encountered during the addition of the bobbin will
be discussed below and is shown in Figure 11. The bobbin first contacted the
inner face of the exterior sheath of the housing. Contact on the bobbin was on
the very outer edge of the diameter of the
lower flange. The dimension for each
part's mating feature was 8.80 mm. This
put the faces of the part in direct contact
during the insertion operation as well as the finished assembly position.
16
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However, due to the limited contact of the thin surface edge profile of the bobbin
flange with the wall of the housing, frictional forces encountered during the
insertion operationwere minimal. Next, as the insertion operation proceeded
the inner diameter of the bobbin came in contact with the exterior faces of the
housing splines as shown in Figure 11. The geometry of the splines on both parts
were designed with lead-in features that allowed the parts to locate upon one
another after the initial contact was made. The exterior faces of the splines of the
housing had a diameter of 6.5 mm while the inner diameter of the bobbin was 6.6
mm. This allowed for a total clearance of 0.1 mm on the fit and 0.05 mm
clearance on the diameter.
Continuing along the axis of insertion, the insertion operation allowed the
bobbin to be partially consumed within the
"walls"
of the housing. The
perpendicularly projecting and protruding electrical contact area of the bobbin
began to engage the cutout within the exteriorwall of the housing. The design
tolerances for the fit were 0.06 mm. Contact of the bobbin occurred at the outer
edges of the electrical contact area with the walls of the housing cutout.
SPLINE
BOBBIN FLANGE
HOUSING -
WALL
UPPER BOBBIN FLANGE
FIRST CONTACT OF FIT BETWEEN BDBBIN AND HOUSING
HOUSING CUTOUT
BOBBIN v
SEAT \
OOO!
OOO
OOO
OOO
OOO
OOO
OOO
SECOND CONTACT OF FIT BETWEEN BOBBIN AND HOUSING
+
] BDBBIN -
THIRD CONTACT OF FIT BETWEEN BOBBIN AND HOUSING
0.06 nn
HOUSING CUTOUT
HOUSING
Figure 11: In tima te Fitting ofBobbin and Housing Splines
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Again, due to the knife edge profile of the bobbin flange in contact with the
housing, the frictional forces encountered during insertionwere minimal. After
the bobbin was seated within the housing and the electrical contact area was
seated within the housing cutout, the insertion operation of the bobbin was then
complete.
3.3 Yoke, Yoke-Bobbin
Next, the yoke was added to the subassembly. The yoke fit intimately
within both the bobbin and the housing, For discussion purposes, the yoke was
considered the inserted part while the bobbin and the housing were considered
the receiving parts. The yoke had three contact fits with the subassembly along
its path of insertion. The first contact was between the splines of the yoke and
the inner diametral surface of the bobbin as shown in Figure 12. The fit allowed
for a 0.1 mm total clearance and a 0.05 mm clearance on the diameter.
YDKE
YDKE
SPLINE
BDBBIN
INNER DIAMETRAL
SURFACE DF BDBBIN
Figure 12: Yoke SplineMating Condition with Bobbin
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As the yoke was lowered to a position partially within the subassembly,
contact occurred between the mating surfaces of the splines on both the yoke and
the housing while the yoke was constrained by the inner diameter of the bobbin.
Due to lead-in features on the tips of the splines of both the yoke and the
housing, the splines were able to accommodate and diffuse the contact and slide
past one another, thus, allowing the yoke to become partially consumed within
the bobbin. Continuing along the insertion path, the yoke was lowered further
into the bobbin, such that the flange of the yoke came in contact with the back
face of the electrical contact area of the bobbin as shown in Figure 13. This fit
was line-to-linewith each part having the same dimension forcing slight
distortion to both parts. The micro motor assembly was complete once the yoke
was seated properly within the subassembly.
BDBBIN
INNER DIAMETRAL
SURFACE
YDKE
BDBBIN
YDKE
SPLINE
HDUSING HDUSING
SPLINE
YDKE
FLANGE
ELECTRICAL
CONTACT AREA
DF BDBBIN
Figure 13: Yoke FlangeMating with Bobbin Electrical ContactArea
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4 Integration of the RoboticWork Cell Components
A robotic assembly work cell was designed and built to assemble a micro
stepper motor. The work cell consisted of a robot system , a vision system,
software, end-of-arm tooling, and a lighting system as shown in Figure 14. The
robot used was an AdeptOne SCARA robot (see Figure 2) equipped with
Assembly Information Management software (AIM) version 2.3F (based onV/
V+
programming language) and is further discussed in Appendixes 1-5.
OOO
OOO
RDBDT
CQNTRDLLER
ADEPT RDBDT
CAMERA
(oy
V J
V J
CDMPUTER
MICRO MDTDR
PART
GRIPPER
BACKLIGHT
Figure 14: Robotic Workcell
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In addition to AIM, Adept VisonWare and MotionWare software modules were
used. VisionWare was used to control the camera and the vision system.
Various VisonWare records are described throughout Chapter V. MotionWare
in conjunctionwith an AdeptMC Multibus Controller was used for robot
control. The controller had the capacity to run other components not included in
this work cell such as encoders, conveyors, solenoids, etc. A description of
MotionWare commands used for this project can be found in Appendix 5.
Internal solenoids were used for actuation of the gripper and were controlled
with digital input/output (I/O) signals contained within the software which was
written for this project.
The Vision System consisted of a Panasonic GP-CD40 CCD camera fitted
with a 25 mm lens and a polarizing filter. Specifications are described in
Appendix 4. The camera was mounted on link 2 of the robot. The camera
mounting heightwith respect to the worksurface was 387.35 mm away. A FOV
of 83 mm x 74.4 mm was utilized. Images were recorded using both gray scale
and binary imaging. Various on-screen vision tools were utilized to assist in
object acquisition, part recognition and orientation, and image processing. These
tools are described throughout Chapter V.
The lighting system incorporated the work surface of the work cell. The
lighting system thatwas used included a diffuse backlightwith a translucent
work surface. A 40 watt fluorescent bulb was used for illumination as well as
ambient light. The lighting system is further described in Chapter VII.
The micro stepper motor parts used for the scope of this assembly
consisted of three parts: a bobbin, a yoke, and a housing. Part drawings are
located in Appendices 10-12. Othermotor part drawings appear in Appendices
9-15 because they support an attempted multi-tool approach discussed in
Appendix 28. Themotor parts were assembled by the work cell one at a time.
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The software describing the assembly sequence can be found in Appendix 8.
Further discussion of the motor parts can be found prior in Chapter III.
The end-of-arm tooling is a single two finger gripper (TFG) assembly. It
consists of an adapter plate, a double acting pneumatic cylinder, and two
precisely machined fingers as described in Chapter VI and illustrated in
Appendices 18-26.
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5.1 Overall Assembly
The objective of the micro stepper motor assembly process was to
accomplish the assembly while presenting all of the intended parts to the robot in
the same FOV and at the same time. The parts: yoke, bobbin, and housing, had
random locations, and random orientations about the z-axis. Use of the software
and the on-screen vision tools allowed the vision system to discern between parts
and also accurately detect proper orientation of each part. With respect to cyclic
sequence operation, the software updated new part locations and orientations
each time the sequence was run. Part presentation to the robotwas
accomplished through a combination work surface/backlight as shown in Figure
2 on pg. 3. The backlight is further described in Chapter VII and Appendix 7.
This provided a silhouette of each part allowing binary imaging analysis.
Furthermore, during various applications of the different on-screen vision tools,
gray scale imaging was utilized with front lighting to accentuate the tool's ability
for resolving the intended feature or surface. The MSM assembly was achieved
by inserting the internal parts of the motorwithin one another. Since the vision
system had the ability to correct for varying orientations about the z-axis,
presentation of all parts could vary in rotation as long as the parts were
presented with the correct orientation in the x-y plane as shown in Figure 15.
The following discussion in this chapter describes the assembly of the micro
motor with a vision system perspective and its considerations.
5.2 Common Picture Taking Location
A common picture taking location was identified for resolving images of
all parts. This created the condition for the robot to discern between a desired
23
Chapter 5 - Discussion ofAssembly and Inspection
part versus unintended parts. At this location a robot location frame record was
created and stored inmemory. This frame record is basically a coordinate plane
which overlays the FOV and allows the robot to have a reference location for
determining positions of parts within the FOV. A new frame record was created
for each part for simplification, however, only one record was required for this
application due to all of the parts being present within the same frame.
Figure 15: Common Picture Taking Location Exhibiting Z-axis Orientation of
Motor Parts
24
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5.3 Assembly Logic Sequence
The motor assembly sequence is listed in Figure 16. A brief description of
each one of these steps will now be discussed.
LOCATE BOBBIN
INSPECT BOBBIN
PICKUP BOBBIN
LOCATE HOUSING
INSPECT HOUSING
PLACE BOBBIN INTO HOUSING
INSPECT BOBBIN-HOUSING ASSEMBLY
LOCATE YOKE
INSPECT YOKE
PICK UP YOKE
LOCATE BOBBIN-HOUSING ASSEMBLY
INSPECT BOBBIN-HOUSING ASSEMBLY
PLACE YOKE INTO BOBBIN-HOUSING ASSEMBLY
INSPECT COMPLETED ASSEMBLY
STOP
Figure 16: Logic ofMicro StepperMotorAssembly Sequence.
5.4 Blob Tools
A separate blob tool was employed to locate each part within the FOV. A
composite picture was created containing the blob tool results. Refer to Figure 17
in the following sections 5.6-5.13 for blob tool discussion.
(a) (b) (c)
Figure 17: Blob Tool Results, (a) Bobbin, (b) Housing, (c) Yoke.
Green Outline is the Result ofBlob Tool.
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5.5 Part Orientation Algorithms
The part orientation algorithmwas an integral part of the blob tool. Each
time the blob toolwas applied an algorithm was enabled to assist in deterrruning
the orientation of the part. Refer to the following sections 5.6-5.13 and also
Figure 18 for a description of assembly for each part and their respective
algorithm.
(a) (b) (c)
Figure 18: Part Orientation Algorithms, (a) Bobbin withMaximum Radius.
(b)HousingwithMinimum Radius.
(c) Yoke withMinimum Radius.
5.6 Assembly of the Bobbin
The bobbinwas the first part of the sequence thatwas identified and its
orientation recorded via a picture taken by the camera. The resulting binary
image then had a variety of vision tools applied to it in sequential order
according to the software. Location of the bobbin,within the FOV, was achieved
through use of a blob finder tool as shown in Figure 17a. The blob finder tool
had been preprogrammedwith bits of information that allowed the vision
system to only find the bobbin amongst the other parts. Theminimum and
maximum acceptable areas for the bobbin were predetermined through training
of the bobbin to establish the criteria. The blob finder tool also returned the
centroid of the part.
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After successful application of the blob tool an algorithm was run to
determine the orientation of the bobbin. The choice of algorithm to use was
made between the maximum radius, minimum radius, or best fit ellipse.
Repeatability of correct determination of orientationwas essential for accurate
assembly. All three algorithms were repetitively run to determine the most
robust algorithm for use. Maximum radius, shown in Figure 18a, was chosen as
it did not produce fluctuating results between different points on the part. Now,
the blob that was found was inspected to determine if it is in fact the bobbin.
Another vision tool was applied to the image, a circle finder tool, to locate
the inner diameter of the bobbin as it was required to have aminimum diameter
of 6.60 mm as shown in Figure 19. The purpose of this was to ensure that the
part had not beenmalformed, deformed, and would mate intimately with the
yoke and the housing. Next, the orientation of the bobbin , with respect the
frame of the FOV, needed to be updated to allow the robot to accurately pick up
the bobbin. This was accomplished by application of another vision tool that
incorporated a variety of other vision tools to establish a computed position and
orientation of the bobbinwithin the FOV frame. This tool is called a computed
frame. The computed frame basically applies a coordinate axes to the part. The
position and location of the axes were determined from the results returned by
other applied vision tools that were employed to find the part features of the
bobbin. For the bobbin, the electrical contact projection area provided a unique
feature that enabled easy orientation determination.
An arc ruler vision tool was applied to the blob to provide a locating point
which established an axis of the computed frame. The arc ruler is a vision tool
that can be used formeasuring distances or it can be used for locating points or
edges where the image changes from light to dark areas. The arc ruler vision
tool makes use of gray scale images for more accurate edge
definition enabling
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the tool to accurately locate the transition from light to dark. Here, the arc ruler
was used to find the edge of the electrical contact projection area where the
image was seen as a dark area and the background was seen as a light area. The
computed frame also utilized the centroid returned by the blob tool. The
centroid was used by the applied computed frame as the origin of the coordinate
axes. This result coupled with the edge found by the arc ruler allowed the
orientation of the axes to be determined. Since the blob tool returns a consistent
centroid, part rotationwas not a concern due to the application of the arc ruler
relative to the blob tool. Furthermore, these results allow for a repeatable
application of a computed frame to be applied to the bobbin, thus, allowing its
location and orientation to be repetitively found as shown in Figure 19.
5.7 Description of Frame Transform
After successfully determining the location and orientation of the bobbin,
software was written to allow the robot to execute a frame transform. The frame
transform associated the computed frame to the FOV frame allowing the robot to
identify the actual location and orientation of the bobbinwithin the workspace of
the robot. This transformation was enabled through the SET_FRAME
MotionWare command (Appendix 5). A robot locationwas then defined for
bobbin pick up within the computed frame. This allowed the necessary pick up
location and orientation of the bobbin to be associated with the necessary
positioning and orientation of the gripper. Furthermore, this insured that the
gripper had the same repeatable orientation each time the robot executed the
bobbin pick up operation. The actual physical position of the TFG was defined
with respect to the bobbin. This positionwas defined as the locationwhere the
TFG finger tips were positioned about the center of the inner circle feature of the
bobbin in the X-Y plane andwith an insertion depth of the finger tips equal to
28
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Chapter 5- Discussion ofAssembly and Inspection
half of the height of the bobbin in the z-axis as shown in Figure 20. The TFG had
the fingers initially grasped in the closed position. The insertion depth of the
tool was critical to prevent collision of the tool with the receiving part's features
during part placement. For this application, it was critical to prevent collision of
the finger tips with the splines of the housing as these two features are in near
perfect alignmentwith one another during bobbin insertion. Upon part pick up
of the bobbin, the TFG actuated and spread the fingers apart allowing contact to
be made between the exterior surfaces of the finger tips and the surfaces of the
inner diameter of the bobbin. After picking up the bobbin, the software dictated
locating the housing as the bobbin was inserted into it once the housing has been
accurately identified.
FINGER
PDTENTIAL HDLLISIDN
DF FINGER AND SPLINE
SPLINE
HDUSING
BDBBIN UNSEATED
Figure 20: Critical Insertion Depth ofTooling
5.8 Identification of the Housing
With the bobbin held in the grasp of the TFG, the vision system took a
picture of the FOV to identify the location of the housing. A blob tool was
applied to the acquired binary image and the centroid was located. The
minimum and maximum pixel areas had been predetermined through previous
30
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through previous training of the housing for accurate identification. The
maximum pixel area was an important parameter, to be controlled for this part,
due to the vision system being required to recognize subassemblies, which
included the housing, in subsequent vision inspection operations. The addition
of the other parts to the housing only increased its overall pixel area by 50 pixels.
If these pixel area values were not properly set, confusion and incorrect
identification of the housing or the subassembly would result. Fifty pixels only
equates to 1.36 mm2 in area. After application of the blob tool, an algorithm was
employed to find theminimum radius of the blob as shown in Figure 18b. The
minimum radius was chosen due to its repeatable results versus the fluctuating
results returned from the maximum radius and best fit ellipse algorithms.
Repeatability of results was a must to ensure successful assembly.
Next the housingwas inspected. A line finder tool was applied to the leg
of the housing which contained the enclosed elliptical feature. The line finder
was previously positioned relative to the blob so when the blob located the
centroid, the line finder tool moved with the location of the centroid. For this
reason the limits of the line finder tool were set wide enough to always capture
the edge of the leg of the housing. Since the geometry of the housing was
particularly different from the other parts, using the blob area limits and the line
finder tool resulted in a successful inspectionwhich identified that the housing
had been correctly identified. Next, a computed vision frame tool was applied to
the housing to accurately update its position relative to the robot as shown in
Figure 21. The line finder tool, whichwas relative to the blob tool, was used in
conjunctionwith a ruler tool to establish the axes of the computed frame. A
linear ruler tool was applied across the claw-like leg of the housing. The linear
ruler used a gray scale image to accurately locate the edge of the leg. The linear
ruler can be used to measure distances or features, while it also can be used to
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simply return the edge point. For this application the linear ruler tool was used
to return an edge point. The linear ruler was set up to measure the transition
from light to dark areas and return the edge point where the transition was
detected. As a result of the blob finder tool returning the centroid of the part, the
line finder tool locating the straight edge of the long leg, and the linear ruler tool
returning the edge point of the claw-like leg, the coordinate axes of the computed
frame were established as shown in Figure 21.
5.9 Insertion of the Bobbin
Now, the bobbin placement location needed to be established by teaching
the robot the correct location. This placement location was located within the
features of the housing. Complete seating of the bobbinwithin the housing was
desired. Due to the geometry of the TFG finger tips, only partial insertion could
be trained. However, through experimentation with the insertion of the bobbin
into the housing itwas found thatmaximizing the insertion depth of bobbin,
without allowing the TFG fingers to collide with housing splines, allowed the
bobbin to seat itself repeatably. Thus, this partial insertion position was defined
as the placement location of the bobbin. With the black painted parts this result
could not be observed. Furthermore, identification of the subassembly by the
vision system after partial insertion of the bobbin could not be repeatably
identified due to the unseating of the bobbinwithin the housing causing a
blurred image to be observed. Adept technology suggested that in order to
facilitate recognition of the subassembly in subsequent operations, that one
should pause the sequence after the bobbin is inserted and press the part in by
hand. Certainly, a tamping operation could be written into the software for the
black part assembly but after observing the action of the unpainted parts, the
tamping operationwas not incorporated.
32
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Chapter 5 Discussion ofAssembly and Inspection
As the bobbinwas inserted into the housing, precise and accurate robot
movement was required. The radial clearance between the bobbin's outer
diameter and the inner face of the shell of each housingwas only 0.05 mm.
Insertion of the bobbinwas also constrained by the exterior surface of the splines
located within the housing as shown in Figure 22. The clearance on this interface
was only 0.05 mm. Vibration of the robot was a factor here. While cycle time of
the assembly was compromised to provide control of robot vibration during this
delicate assembly, a broken tool and complete shutdown of production would
not be a viable compromise. With such small parts and tight tolerances, careful
teaching of the robot locations was required prior to the production run. Robot
speed control, settling times, and dwell times provided the necessary tools for
controlling vibration in the finger tips of the gripper, and furthermore,
HDUSING
WALL
BDBBIN FLANGE
/
J
.05
SPLINE
.05
Figure 22: Close Clearance Fitting ofBobbin and Housing Splines
controlling the robot induced vibration in
the edge of the outer diameter of the
bobbin, when attached to the TFG, during insertion into the housing.
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The levelness of the work surface must be perpendicular to the axis of the
robot quill as shown in Figure 23. This is especially true for small parts and tight
assembly tolerances. If the axes of the robot quill and pickup surface are not
aligned, unwanted part movement can occur during pick up or the parts can
picked with skewed orientation, differing from the orientation that is assumed
by the robot from the recorded images in the vision system.
CAMERA
WDRK SURFACE
ADEPT
RDBDT
GRIPPER
BACKLIGHT
Figure 23: Picture ofLighting Fixture Set Up Parameter
Considering the geometry of the bobbinwith respect to its electrical
contact area, and the orientation of the z-axis cutout
of the housing, both part
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orientations had to be accurately determined for repeatable insertion of the
bobbin into the housing. The electrical contact area of the bobbin fits intimately
into the cutout of the housing along the z-axis as shown in Figure 24. This cutout
was not observed by the vision system which emphasized the requirement for
accurate part orientation recognition of the housing and of the bobbin. This
vision operationwas critical to successful insertion of the bobbin into the
housing. Through use of transformations, established by the computed vision
frame, the robot rotated the bobbin to correspond with the orientation of the
housing and inserted the bobbin into the housing. After insertion of the bobbin
into the housing, the robot then retracted the fingers from the inner diametral
surfaces of the bobbin by squeezing the fingers into a closed position. Upon the
completion of this squeezing action, the robot then retracted the TFG from the
bobbin and moved away.
EDBBIN
+ O.OS nn
BDBBIN
HDUSING CUTOUT
HOUSING
Figure 24: Bobbin Electrical ContactArea Mating with Housing Cutout
Figure 25 shows the different reference coordinate axes that interacted in the
work cell. These coordinate axeswere used by the robot to execute the necessary
36
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transformations that enabled robot movement, vision system interaction, and
more specifically, part identification and assembly.
CAMERA
ADEPT
RDBDT
BACKLIGHT
Figure 25: Work Cell Transformation Coordinate Axes
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5.10 Inspection of Bobbin-Housing Subassembly
The BHA, as this bobbin-housing subassembly is aptly named, was then
inspected. The purpose of the inspectionwas to verify that the bobbin was
seated properly within the housing. The inspectionwas accomplished simply
through application of the blob finder tool and its corresponding algorithm. The
minimum pixel area and the minimum radius found were the critical parameters
for this inspection. The minimum pixel area was set such that it was greater than
the maximum pixel area for the housing by itself to eliminate incorrect
identification of the BHA or a no recognition found condition. The algorithm for
minimum radius was applied and returned repeatable results for the correct
recognition of the BHA orientation. This tool actually returned the exact same
minimum radius and position when it was applied to just the housing, however,
with the change in the pixel area values the housing could not be mistaken for
the BHA. Upon successful inspection of the BHA, the software caused the vision
system to take a picture of the FOV in an attempt to recognize the yoke.
5.11 Identification of the Yoke
The yoke was presented to the robot standing on the tips of its splines.
Recognition of the yoke was accomplished through application of the blob finder
tool as shown in Figure 17c. A binary image was captured using the minimum
and maximum pixel areas whichwere predetermined through training of the
yoke. The minimum radius algorithmwas employed to achieve repeatable
orientation recognition results as shown in Figure 18c. Inspection of the yoke
was accomplished through application of a line finder tool whose position was
relative to the blob finder tool. The limits of the line finder tool were such that
the vision tool accurately located the straight edge feature of the part every time.
Employing a distance measurement algorithm, which used the centroid found by
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the blob finder tool and the point located at the end ofminimum radius along the
line found by the line finder tool, insured accurate part recognition.
Next, a computed frame vision tool was applied as shown in Figure 26.
This computed frame made use of the blob finder tool and an arc ruler tool. The
arc ruler captured a gray scale image allowing a more accurate edge detection of
the intended surface. The arc ruler was applied across one of the internal splines
and was set up for edge detection versus measuring an arc length. Establishment
of the computed vision frame's coordinate axes was accomplished through use of
the centroid found by the blob finder tool and the edge point found by the arc
ruler tool. Next, the pick up location of the yoke was determined. The TFG was
inserted into yoke and its position was recorded. Now, through the frame
transformationwritten in the software, the location and orientation of the yoke
was updated with respect to the robot workspace as well as the pick up location
was updated. The yoke was picked up by the robot, by spreading the fingers of
the TFG, which grasped the yoke by its inner diameter.
5.12 Insertion of the Yoke
Insertion of the yoke into the BHA was the next step in the assembly
sequence. This required absolute repeatable recognition and orientation results
to facilitate successful insertion. The geometry of the yoke was designed such
thatwhen itwas added to the assembly itmated intimately with both the
housing and bobbin, while encapsulating the bobbinwithin the housing. The
straight edge feature of the yoke, which was identified during inspection, mated
intimately with a flat surface on the bobbin located near the electrical contacts as
shown in Figure 27. The splines of the yoke mated intimately with the splines of
the housing in an alternating interlocking pattern. They combined to form a
39
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Chapter 5 Discussion ofAssembly and Inspection
complete cylinder on the inner diameter of the assembly, in actuality, lining the
inner diametral surface of the bobbin. Like the bobbin, the pickup location and
the pick up technique of the yoke required consideration of the housing
geometry. The depth of insertion of the TFG into the yoke was minimized to
eliminate collision of the TFG with the spline tips of the housing during insertion
of the yoke but still allowing accurate pickup of the yoke. For successful
assembly of the yoke, the placement location of the yoke was defined in software
ELECTRICAL
CONTACT AREA
DF BDBBIN
.05 MM ^ir
Figure 27: Yoke Flat EdgeMating with Bobbin Electrical ContactArea
to have a location within the computed frame of the BHA. This allowed for
image comparison for recognition of location and orientation of the yoke with
respect to the position and orientation of the BHA during the insertion operation.
In order to enable the transformation of the yoke's insertion position, relative to
the BHA, a computed frame had to be established for the BHA as shown in
Figure 28. A linear ruler tool was then applied to the BHA. This tool captured a
gray scale image and was designed to locate an edge point on the BHA where
the transition of light goes from light to darkwithin the toolmeasurement zone.
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This located point was then used in conjunction with the blob finder tool and the
line finder tool results already found to update the location and orientation of
the BHA within the FOV. Due to the limiting geometry of the housing, the yoke
was only partially inserted to the assembly, similar to the insertion operation of
the bobbin. Alignment of the flat edge feature of the yoke and the corresponding
flat surface of the bobbin insured alignment of the intimately mating fingers
between the yoke and the housing. Also, similar to the insertion operation of the
bobbin, insertion of the yoke to a partial depth allowed enough of the yoke to be
inserted within the bobbin such thatwhen the yoke was released from the grasp
of the TFG, the yoke slid into its assembled position, within the BHA, due to its
ownweight.
5.13 Inspection of the Complete Motor Subassembly
After completion of the insertion operation of yoke, the vision system then
inspected the yoke-bobbin-housing assembly (YBHA). The inspection of the
YBHA simply consisted of applying the blob finder tool for recognition. The
minimum pixel area was used as the controlling parameter. Successful assembly
was verified by the fact that the blob tool successfully finds the YBHA. A line
finder tool was also employed to identify the final orientation of the YBHA as
shown in Figure 29.
The small size of the parts and their close clearances made the assembly
task a challenging one. The assembly process was
successful due to the careful
choice ofmeasurement tools within the software. The next chapter, End Effector
Design, describes the design of the two finger gripper, its operation, and its
contribution to the successful MSM assembly.
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6 End Effector Design
6.1 Two Finger Gripper
The Two Finger Gripper (TFG) required an incredible amount of design
and tedious precise machining as shown in Figure 30 and Appendix 26. Design
considerations included the various micro motor part geometries thatwere
picked up, the actuation to facilitate part pickup, and the range of actuation of
the actuator. Furthermore, an adapter plate was required to attach the actuator-
finger assembly to the robot quill. Designingwithmetric and standard sizes due
to pre-existing dimensions and hole sizes was necessary. Machining of both
metric and SAE sizes, accuratemachining to maintain position and alignment
with the center of robot quill, and repetitive task endurance were also design
considerations for the TFG.
Figure 30: Two-Finger Gripper
The TFG consisted of four parts: an adapter plate, an actuator, and two
fingers plus custom hardware (Appendix 18-26).
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6.2 Actuator
The actuator was the main body of the TFG and the designs of the adapter
plate and fingers are based on it. The actuator selected for the TFG was a parallel
action, pneumatic-driven gripper manufactured by SCHUNK-INTEC; model
MPG 32 (mini parallel gripper). This small actuator had a range of actuation
from 14 mm in the closed position to 22mm in the open position (a stroke of 8
mm.) Critical dimensions are located in Appendix 23. This actuator was selected
because it allows tiny machined fingers to be attached to the inner faces of its
legs, and furthermore, it allows insertion of the fingers into the inner diameters
of the motor parts from above. Then, employing the parallel action of the
gripper, pickup of the parts was actually achieved by spreading the fingers apart
against the inner diametral surfaces of each part rather than grasping the parts
on their outer surfaces by utilizing the squeezing action of the gripper. The
actuator was actually a dual action actuator that required two air lines to operate:
one air line to drive the fingers apart while a second air line is used to drive the
fingers together. Both actuations of the actuator were used to facilitate part
pickup and placement. Four dedicated internal I/O signals were required for its
operation: 2 signals for each movement operation.
6.3 Adapter Plate
Design of the adapter plate, which attaches the actuator to the robot quill,
required consideration of the actuator geometry and ease of attachment of the
adapter plate to the robot quill. Dimensions of both the robot quill and the
mating top surface of the actuator were considered due to the adapter plate
being required to attach to both of them. Precise machining was required to
minimize deviation from the centerline of the quill, once the end-of-arm tooling
assembly was attached to the robot. Also, consideration of airlines and their
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routing in the workcell was required in order to keep the workcell neat and clear
of obstacles. A 1020 steel was selected for the adapter plate as it was readily
available. The 1020 steel stock came in the form of 3 inch diameter solid rod.
This made for an easy layout of some of the necessary machined features
(Appendix 20-22). The outer surface was machined to a diameter of 2.5 in. to
clean up the surface and to enable a reference surface. On one side of this now
circular plate a 1.875 in. diameter boss was machined about the center. This boss
allowed for an intimate press fit of the adapter plate within the bore of the robot
quill. Two M4 clearance thru holes were drilled and counterbored in the plate,
entering at the top surface of the boss and exiting on the non-machined side of
the plate. These holes were accurately positioned about the center of the plate.
Their purpose was to provide anchoring of the actuator via two M4 machine
screws. On the non-machined side of the plate two M2 holes were drilled to a
depth of 4 mm and two M2 pins, each 6 mm in length, were inserted into the
holes. These holes were laid out such that their positions matched the geometry
of the actuator and were also symmetrically positioned about the center of the
plate. The inserted pins, ground to length, insured accurate location of the
actuator about the center of the plate and, subsequently, about the center of the
robot quill. Four 10-32 clearance holes were drilled and counterbored for
attachment of the adapter plate to the robot quill with 10-32 machine screws.
Next, two M7 clearance holes were drilled to allow passage of the airlines from
the center of the quill through the adapter to reach the airline fittings of the
actuator. The holes originate on the outer diameter of the circular adapter,
drilled at a 15 degree angle, and exit out the top surface of the boss. After
passing the airlines through the adapter plate and attempting to attach them to
the air line fittings, itwas found that one of the air line fittings interfered with
the adapter plate, thus, not allowing the actuator to properly seat against the
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adapter plate. A small recess was milled into the adapter plate to accommodate
the fitting and to facilitate the completion of the assembly of the end effector.
6.4 Fingers
Design considerations for the fingers of the end effector system include
the MSM part geometries, determination of individual pickup techniques for
each motor part for finger geometry design, weight of each individual motor
part to determine the required gripping force for pickup, leg geometry of the
actuator for finger attachment, the actuator's range of actuation for finger size
determination, mechanical properties of potential materials for finger
construction, and a machining plan. The original design concept of the fingers
was drawn in CAD. A stereolithographic model was created from the drawings
(Figure 31a).
These prototype fingers were used as visual models for creating the actual
fingers. Aluminum was originally selected for the finger material, however, after
creating the fingers and testing them, it was found that the aluminum deflected
too much under load. The deflection allowed the parts to skew within the grasp
of the gripper. So, again 1020 steel was selected for its strength properties, and it
was readily available.
Understanding the micro stepper motor part geomteries was of great
importance as these geometries dictated the method of pickup for each part. The
TFG was designed to pickup all of the motor parts considered. Each finger was a
one piece construction and had two distinct sections: the main body (MB) and tip
(Appendices 24-26).
The tip of each finger actually incorporated three different work surfaces
due to picking up various parts in differentways (see Appendices 27-28 for
Multiple Tool Work Cell). However, for the scope of this assembly only the
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exterior faces of the fingertips were employed for part pickup. The MB is 0.563
in tall x 0.600 inwide x 0.296 in thick. Thickness of the each finger was extremely
critical to successful operation of the gripper. The finished machined finger
dimensions had to be such that the end effector could grasp the parts with
sufficient force in order to maintain part orientation and positionwhile the part
was still located within the gripper. Movement of the part while located on the
TFG would cause collisionwhen placing the part due to part features requiring
specific orientation for proper assembly.
(a) (b) (c) (d)
Figure 31: Evolution ofFinger Design
(e)
(a) Stereolithograph Model, (b) Damaged Tipfrom Accidental Dropping, (c) Machining
Accident Damaged Tip. (d) Grasping Face ofCurrent Finger, (e) Mounting Face of
Current Finger.
On the back face of the MB, a machined slot, 0.315 in. x 0.472 in. x 0.030 in.
in size, served as a locating feature for accommodating the leg of the actuator. A
4mm clearance thru hole was provided in each leg of the purchased actuator to
assistwith themounting of fingers. With a desire to simplify the project, an 8-32
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hole (instead ofmetric) was drilled and tapped in each of the fingers to enable
the fingers to be secured to the actuator.
The tip of the TFG was an extension of the main body extending 0.125 in.
and had a width of 0.265 in. and a thickness of 0.036 in. The thickness of the tip
has been furthermachined with radii milled and bored into the front and rear
surfaces to facilitate pickup of the various motor parts. As shown in Appendix
26, the outer surface of the finger had a radius of curvature of 0.140 in from a
center that is external to the finger. This radiused surface was used for picking
up parts by their inner diameters. During assembly, the robot was programmed
to approach the parts from above, insert the tip portion of the fingers into the
center of the circular parts and spread the fingers apart. The spreading of the
fingers caused the fingers to make contact with the inner diameter of each part,
creating an outwardly directed force against the surface of the part. The pressure
force was created by the air driving the fingers outward and making contact with
the parts, but the displacement of the fingers remained within the range of the
actuator. The surfaces of the part created the second component of the pressure
force by restricting fingermovement. Insertion depthwas critical to part pickup
and placement. During part pick up, the TFG could not be inserted too deep into
the various parts because upon insertion of a part within another part, the tips of
the TFG could actually collide with the receiving part's features. Thus,
unacceptable damage could occur from the collision and the assembly sequence
would be halted. Damage could occur both to the receiving parts as well as to
the TFG. The finger tips were extremely fragile and required extreme care as
they were subject to failure upon impact. An early version of the fingers did in
fact fail due to impact. One tiny finger tip sheared from the main finger body
when the assembly was accidentally dropped on the concrete machine shop floor
(Figure 31b).
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7.1 General Discussion
A diffuse backlighting technique was used to light the parts. A special
fixture backlight fixture was built for this technique of illumination. Although
this particular light fixturewas not built specifically for this project, the author
did modify it to adapt to this particular application. Althoughmodifications
were numerous, the part thatwas notmodified was the length of pipe used for
the housing of the fixture. The lighting system was a fixture that combined a
light source and a specialized work surface (Figure 32).
Figure 32: Photograph ofBacklight
The name backlight describes the exact purpose of this system. The
objective was to illuminate the parts from behind the objectwith respect to the
camera. More specifically, the light source was placed on one side of the part
while the camera was placed directly on the opposite side of the part. This
allowed the light source to create a silhouette of the part when imaged by the
vision system.
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7.2 Work Surface
The backlight consisted of 10 parts plus associated hardware as shown in
Appendix 7. Themain operating features of the light were the work surface, the
housing, the light source, and the leveling feet. The work surface was a
composite construction. Two 1/4 inch thick pieces of clear plexiglas were used
to sandwich a piece of tracing paper. The plexiglas allowed light to travel to the
vision system while the tracing paper functioned as a diffuser. The work surface
was designed to be recessed into the top of the light structure.
7.3 Light Source
Many vigorous attempts were made to employ different kinds of
incandescent lights, and fluorescent lights. Even halogen light sources were
employed without success. Attempts were made using various wattages of
incandescent light bulbs ranging from 25 watts to 100 watts. Eachwattage was
unable to produce usable images even with adjustment of the camera aperture to
compensate for the different levels of light. Due to the excessive heat given off
by the incandescent light bulb, it was found that the lighting fixture was heating
up and elongating. After a period of time in the lab, it was noticed that there was
distortion or noise being displayed on the images of the part edges. The pixels
on the visionmonitor screen were fluctuating, thus, indicating something in the
FOV was moving. Further observation showed that the images were actually
disappearing from the computer monitor over the period of one hour. It was
first thought that heat was causing the plexiglas plates to droop, and
subsequently, changing the calibrated object to image distance. Furthermore, a
change in the distancewould invalidate the camera calibration for repeatable
image recognition. However, after performing some practical field tests it was
found that the plexiglas was not drooping and the displacement of the work
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surface was actually due to elongation of the light fixture housing. The
elongationwas being caused by the radiated heat from the incandescent light
source. A new light source was sought and installed.
A cool burning 40 watt fluorescent light bulb was found to be the solution
to the imaging and heating problem. This bulb provided the exact amount of
illumination and at the same operated at a drastically reduced heat level. Prior
to the use of the fluorescent bulb, in previous lighting testing, it was observed
that the aluminum housing was quite warm. This warming effect was not
observed at all during any use of the fluorescent bulb. In fact, the light fixture
was actually quite cool to the human touch.
The end resultwas a compact backlight that incorporated a work surface
for work cell. A very efficient and effective light source contributed to the
successful assembly of the MSM. The next section, Discussion ofResidts,
summarizes all of the other successes of the project as well as the associated
problems.
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The assembly of the micro motor with close clearances was ultimately a
success. However, it was not accomplished withoutmany struggles. Many
vigorous attempts were made to employ different incandescent lights,
fluorescent lights, and even halogen light sources without success. Attempts
weremade using various wattages of incandescent light bulbs ranging from 25
watts to 100 watts without success. Though numerous lighting strategies and
various contrastingwork surfaces were utilized, the MSM parts seemed to elude
repeatable recognition by the vision system. In conjunction with these
approaches, different vision tools were avidly explored and employed to
produce a successful assembly solution. The surface finish of the motor parts
posed the greatest challenge for the lights, and the shapes of the parts posed the
challenge to the vision system.
The micro motor assembly was accomplished on an AdeptOne robot as
shown in Figure 2. A diffuse backlighting system was utilized for part
presentation to the robot. A 40 watt, Electronic Light, fluorescent light source was
utilized. This light source provided ample light for part recognition but did not
produce any noticeable unwanted heat as compared to the incandescent light.
The excessive heat experienced with incandescent light sources caused distortion
of the backlight fixture, which in turn invalidated the calibration. Furthermore,
this compromised all images trained thereafter.
Presentation of the MSM parts to the robot at the same time in the same
field of view provided a recognition challenge. The enclosed pixel area of the
yoke and the bobbinwere extremely close in value when viewed by the vision
system. Incorrect identifications were commonplace until the vision tools could
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be properly tuned with the correct lighting. The actual pixel area enclosed
within a part fluctuated in the FOV when the parts were moved to different
locations. This was due to parallax encountered as the parts traveled further and
further away from the centrally located light source. Use of the backlight
appeared to be the correct solution. Repeatable part recognition was observed
with different parts when repeatably imaged in the same general location within
the field of view. However, rotating the parts about the z-axis and moving them
to different locations revealed results thatwere not repeatable. Since repeatable
recognition was vital to this assembly operation a solution had to be found. It
was decided that the parts would be painted black as well as being backlit
(Figures 9 and 10). This backlighting technique combined with ambient light
incident on the top surface of the parts caused specular reflections at the edges of
the parts that actually distorted the edges of the recorded images. The paint
helped dampen the reflections from the part surfaces. Furthermore, a dulling
spray (normally used by photographers and videographers when filming or
shooting shiny objects) was applied on top of the paint to further reduce the
glare from the surface of the part. After painting the parts and going through the
iterative process of taking pictures, changing the location and orientation of each
part, itwas found that the repeatable results were achieved.
The repeatable results were observed using the blob finder tool as the
primary vision tool. Use of the blob finder tool eliminated the need to
compensate for a tool offset. Generally this is required for robotic vision
systems. However, a tool offset is inherently accommodated when using this
tool.
Part locations required extreme precision when being defined within the
workspace. The final locations for part pick up and placementwere actually
definedwith the assistance of a magnifying glass. During preliminary testing of
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part pickup and placement, it was observed that the parts were shifting, both on
the gripper during the gripping action as well during part placement. During
the assembly process a few casualties occurred: one tooling crash and four part
crashes.
Hampering the repeatability issue for this project was the lack of virgin
parts. There were no previously unassembled parts to use. All parts were
previously assembled in complete motors and were manipulated by several
people and tools during disassembly. This distorted their shapes as well as
leaving burrs and rough edges remaining on the parts. These defects all
contributed to the failures enroute to a successful robotic assembly. After
successful results were achieved, the paintwas observed to be chipping off the
various part surfaces. This created a different issue for recognition because now
the blob areas thatwere trained into memory had the potential for failure when
attempting to locate a part. However, due to the limited amount of parts
available, the effect of this potential problem could not be determined. Presently,
repeatable successful results were observed with the currentwork cell. Various
problems encountered are discussed in Appendix 28.
The next section discusses the author's recommendations for anyone who
may find an interest in assembling small parts with close clearance fits.
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This is a project that required extreme patience and planning. One might
reconsider attempting future work if these requirements are not considered
upfront. The nature of the parts caused difficulties in part recognition with the
currently available vision system due to the limitations of the operating software.
However, developing a good sound background in the use of the Adept AIM,
VisionWare, and MotionWare software programs is essential. Attendance at an
Adept AIM training class would be quite helpful and is recommended. Projects
like this could be enhanced by a controller update. Itwould be advantageous if
the university could negotiate a deal with Adept Technologies for a trade or a
new controller for educational development. The current controller is an old
multi-bus system and just does not have the capacity or the capability ofmaking
use of the more powerful software modules that have been developed by Adept.
With this upgrade would come all of the niceties that are associated with the
computer technology of recent development as well as the use of a higher level
image processingmodule allowing for other higher level projects to be
performed.
This project is truly achievable for the complete motor assembly with
multiple tools. A very well developed attempt to achieve a multi-tool solution is
detailed in Appendix 28. The washer that is not discussed in the scope of this
project offers quite an array of challenges. A vacuum tool was developed and
tested successfully for pick and place operations of the washer. The washer is
extremely small, lightweight, and statically attracted to everything.
A first order solution has been accomplished in this thesis by painting the
parts black and backlighting them. Several different incandescent front lighting
approaches were attempted as well as with fluorescent light sources and even
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halogen light sources. Combination lighting attempts, using both directed
diffuse front lighting and diffuse backlighting, were also made to try to isolate
certain part features in an attempt to discern parts from one another. Future
work can be centered around developing a differentmethod for using random
positioning. The approachmay be to create several picture taking locations,
where only one part is presented to the vision system at a time. This will allow
the object-to-camera distance to decrease significantly, thus, allowing the images
that are observed by the vision system to be larger. Furthermore, this allows for
more accurate part recognition. However, this may require several different
light sources to be used to illuminate the parts at the different locations within
the workcell.
Due to the absence of virgin parts for this project, one will certainly want
to visually inspect all parts considered for use. Defects such as burrs and
deformed surfaces will require the appropriate removal or straightening of the
various parts before beginning to attempt future work. With knowledge that
many individuals have handled these parts, one might consider performing
some preliminary recognitionworkwith just one of each of the parts and keep
them as control parts and isolated from the population. Misplacing and mixing
of the
"control"
parts has created many hours of unneeded extra work.
The use of prototypes and the prototype finder tool was recommended by
Adept Technology for use in this particular application. Perhaps use of the
Adept prototype tool in conjunctionwith the backlight will produce a solution.
The author's advice here, if attempting to use prototypes, would be to first start
with the black painted parts. Use of the photographer's dulling spray is highly
recommended on both the painted parts and the parts in their natural state.
During recent conversations with application engineers at Adept, some
concessions weremade by Adeptwith respect to the use of prototypes and the
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prototype finder tool for this application. Having provided the Adept engineers
with some samples of the actual parts, they found that the particular geometries
of both the bobbin and the yoke were quite a challenge for the application of the
prototype modeling and also the prototype finder tool. The author was quite
relieved to hear the Adeptengineers'concessions and agreement that the
selection of the prototype tool was not the best choice for the bobbin and yoke
due to the many geometrical surface changes on their peripheries.
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Appendix 1 Hardware Layout [23]
Controller Input Controller Output
<K
<E$
User
Equipment
User
'
Equipment
Serial Output rrs>?.ocool
0 0 0 0/
0 0 0/
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0 0 0 0/
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Appendix 2 AdeptOne Robot and Work Envelope [22]
AdeptOne SCARA Robot
RI Min. reach 230mm
RO Max. reach 800mm
A Inner link 425mm
B Outer link 375mm
-.. RO
Quill retracted
7.7"
quill 875mm
11.6"
quill 775mm
Quill extended
7.7"
quill 675mm
1 1.6" quill 470mm
Quill
Joint 3
Joint* Outer Link
IT
Joint- 1
Inner Link
Bise
Column
JQ.
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Appendix 3 Robot Performance Specifications
Table A: AdeptOne Robot Performance Specifications [22]
Reach
Maximum radial
Minimum radial
31.5 in. (800 mm)
9.1 in. (231mm)
Vertical Clearance (base bottom to end effector flange) Standard 7.7 in. stroke
with maximum joint 3 retraction
with maximum joint 3 extension
34.52 in (877 mm)
26.75 in (679 mm)
Vertical Stroke - Z direction (standard Joint 3) 7.7 in (196 mm)
Joint Rotation
Joint 1
Joint 2
Joint 3
300
294
554
Payload during operation (including end effector) 201b. (9.1kg)
Inertia Load about Joint 4 axis - standard (Maximum)
Force (Joint 3 downward force without payload)
Torque (Joint 4)
96 in-lb (0.28 N-m)
401b. (18.2 kg)
601b-in (6.78 N-m)
Cycle Time - 12 in (305 mm) 1 lb. (0.45 kg/ 20 lb. (9.1 kg) 0.9 sec/ 1.7 sec
Resolution
Joint 1
Joint 2
Joint 3
Joint 4
0.00078
0.00312
0.00013 in. (0.0033 mm)
0.047
Repeatability
X-Y plane
Joint 3 (vertical Z)
Joint 4 (rotational)
0.001 in. (0.025)
0.002 in (0.050)
0.05
Accuracy in X-Y Plane (at 3 F with HPS over
17" X 17" 0.003 in. (0.076 mm)
Joint Speed (maximum)
Joint 1
Joint 2
Joint 3
Joint 4
540 / sec
540 / sec
19.7 in/sec (500 mm/sec)
36007sec
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Appendix 4 CCD Camera
Table B General Specifications of CCD Camera [231
Manufacturer Panasonic
Model GP - CD40
Type charged coupled device
Resolution 501 x 486 pixels
Image gray scale or binary
Image Acquire Time 1/30 or 1/60 sec
Shuttered Mode 1/1000 sec
Lens 25 mm
Mounting Position fixed on link 2 of robot
MountingHeight (camera to backlight work
surface
387.35 mm
Connection AdeptMC Controller
physical camera port #1
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Appendix 5 MotionWare Commands
1. General MotionWare Statements [25]
MOVE
Move is common command used to control robot motion. It
indicates for a robot to move to a pretaught location which is
located within the robot's work space.
SET_FRAME
This is a vision command. It is used to set a relative reference
frame, which aligns its center to image center. Rotation or
translation of a part can be specified by this reference frame. The
process then guides the end-of-arm tooling to that location.
2. MotionWare Control Structures
IF
This is a logic command. It executes a statement or a block of
statements through use of digital signals. This command can also
be used to verify vision executions.
END
This command is used to end execution of statements that are
based off of the IF statement. Amatched pair of IF and END must
existwhenever the IF statement is used.
IO
The IO statement is used to control the attached equipment of the
robot such as sensors and solenoids. It can be combined with IF
statements for better robot control.
3. MotionWare Statements RequiringVision
MOVEJNSPECT
Moves the camera to a specified location to take a picture and
apply vision tools to the image captured at that location. Based on
the results that vision tools return, the processor then guides the
robotmotion.
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Appendix 6 Camera Resolution
Resolution depends on the desired measurement of focal length, the width
and height of the camera's field of view, and the distance from the work surface
to the camera. Utilizing formulas provided by Adept Technology, the horizontal
and vertical resolution can be computed. The Panasonic GP-CD 40 camera has
been used which possesses a 501 X 485 pixel array. The camera ismounted at
387.35 mm above the field of view. The size of the FOV based on the scale factor
for this particular yields a FOV withH = 83 mm andW = 74.4 mm for a 25 mm
lens [23].
Rh = ( H -f- 484 )
Rw = (W^ 501)
where:
Rh = horizontal resolution (width of one pixel)
Rw = vertical resolution (height of one pixel)
H = height of field of view
W = width of field of view
The desired resolution is calculated from the following:
Rh = ( h -c- 484 ) = (74 mm h- 484 mm) = 0.1529mm/pixel
rw = (W-h 501) = (83 mm + 501mm) = 0.1656 mm/pixel
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Appendix 6 Camera Resolution
Determination of the angular (rotational) resolution can be achieved. Using the
field of view dimensions and the computed field of view resolutions with respect
to the height and the width of the field of view, the angular resolution of the field
of view can be computed.
Field ofView
pixel Height
where
R\ radius in height
R ' - radius in width
&i, = detectable angle
in the height
9 - detectable angle
in the width
Figure 33: Pictorial Display ofFOV Resolution [11].
Rh = R'w Oh - Oh = Rh/ R'w = 0.1529 / 83
Rw = R'h 0w - 0w = Rw/ R'h = 0.1656 / 74
0h = 1-84 x IO-3 rad =
0.10
0W= 2.24xl0-3 rad =
0.128
= 1.84xl0-3 rad
= 2.24x10-3 rad
The smallest detectable angle of the vision system is
0.128 in the field of view.
Therefore, the accuracy of rotation determination is 0.128.
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Appendix 7 Back Light Fixture
BACKLIGHT WORK S
PLEXIGLAS
PLATE
FLUORESCED
LIGHT
SOURCE
ALUMINUM FDIL
-1ICRD MOTOR PART
TRACING PAPER
HOUSING
LIGHT SOCKET
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Appendix 8 Software - Assembly Program Code
1. MOVE TO home_safe
2. IO OUTPUT 2030
3. IO OUTPUT -2030
4. IO OUTPUT 2031
5. IO OUTPUT -2031
6. MOVE INSPECT INSPECT bobbin_inspect OK_SIGNAL 2040
7. IF 2040
8. SET_FRAME bobbin_frame
bobbin_compfram
EQUAL_TO VISION_FRAME
9. MOVE TO bobbin_pickup
10. IO OUTPUT 2030
11. END
12. MOVE INSPECT INSPECT hous_inspect OK_SIGNAL 2050
13. IF 2050
14. SET_FRAME hous_frame EQUAL_TO VISION_FRAME
hous_compframe
15. MOVE TO bobbin_put
16. IO OUTPUT -2030
17. IO OUTPUT 2031
18. IO OUTPUT -2031
19. END
20. MOVE_INSPECT INSPECT bhassy_inspect OK_SIGNAL 2060
21. IF 2060
22. MOVEJNSPECT INSPECT yoke_inspect OK_SIGNAL 2070
23. IF 2070
24. SET_FRAME yoke_frame
yoke_compframe
EQUAL_TO VISION_FRAME
25. MOVE TO yoke_pickup
26. IO OUTPUT 2030
27. END
28. END
29. SET_FRAME bhassyjrame
bhassy_compfram
EQUAL_TO VISION_FRAME
30. MOVE TO yoke_put
31. IO OUTPUT -2030
32. IO OUTPUT 2031
33. IO OUTPUT -2031
34. MOVEJNSPECT INSPECT ybhassy_inspect OK_SIGNAL 2080
35. IF 2080
36. MOVE TO home_safe
37. END
72
Appendix
Appendix 9 Micro Motor Assembly
BEARING
SHAFT
MOUNTING PLATE
HOUSING
BOBBIN
^x^. YOKE
HUB
MAGNET
(S) WASHER
WASHER
YOKE
MOUNTING PLATE
BOBBIN
HOUSING
BEARING
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Appendix 12 Housing
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Appendix 16 End ofArm Tooling Assembly Drawing
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Appendix 17 Robot Quill Drawing [22]
1.27" dia. thai on
AdeptOne-MV only, f\
AdeptThree-MV is |^\
1.515" dia.
10.2" 0.3"
0.20"
8 18' 15'
(Taper 3.500" per foot)
0.500" two
(0.060" deep)
2.100" dia.
8-32 UNC-2B thru
(4 places)
All linear dimensions in inches
1 (1 inch) = 25.4 mm
0.116" dia. thru (2 places)
Counter Bore 0.20' dia.
0.13" deep
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Appendix 18 Finger Assembly
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Appendix 19 Finger Assembly Detail A-A
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Appendix 20 Finger Adapter Plate Isometric
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Appendix 21 Finger Adapter Plate
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Appendix 22 Finger Adapter Plate Detail A-A
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Appendix 24 Finger Isometric
=n
1
21
M
88
Appendix 25 Finger
Appendix
P3
T
.
I
1 i fl
1
c3
^ + L^
^e
^^
q
^
^
^ w ^
a CT
s
I I
89
Appendix
Appendix 26 Finger Detail A-A
oo
I
a s
88
si
s
Q^
90
Appendix
Appendix 27 Multiple Tool Work Cell Schematic
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Appendix 28 Multiple Tool Work Cell for
Assembling Micro Motor
DESIGN
The following information is a description of a partially developed work
cell for assembling the micro motor withmultiple tools. It is a work in progress
document. This work cell design was halted when the difficulties of assembling
the complete micro motor became overwhelming. The project was simplified
and the some of the work put on hold.
The work space is everything that is included in the work cell except the
robot, end effectors, and the camera. These items are discussed in their own
detailed section. Design considerations included the cell requirements of
neatness, efficiency, and easy access. Operating equipment and parameters
included a vision system, camera mounting position, pneumatic requirements of
all equipment used, air line routing, robot signal output capacity, power
requirements of external equipment, electrical wiring, electrical terminal junction
strips, lighting technique and source, background lighting, reflections and
shadows, and the part presentation surface. (Appendix 27)
The primary design considerations to create a workcell thatwas neat,
efficient, and easily accessible required preplanning of different possible layouts.
The neat and easily accessible conditions required consideration of detachable
tools, air line routing, electrical wiring, and external equipment positioning.
External equipment included camera mounting, lighting, power supply, vacuum
pump, electrical terminal junction strips, flow diverting valves, solenoids, and
tool rest position. To facilitate the work cell using detachable tools, routing of
the air lines was essential so they did not tangle or interfere with the workcell.
The quick change tool system (QCTS), purchased from SCHUNK, was designed
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Appendix 28 Multiple Tool Work Cell for
Assembling Micro Motor
to allow detachable tools by detaching air lines from tools through use of the
interface body. Furthermore, the manufacturer's design intent of the QCTS was
to mount it directly to the quill of the robot. However, in order to satisfy the
work cell requirement of neatness, an adapter plate was required to mount
between the robot quill and the QCTS to allow for air lines to pass through the
hollow bore of the robot quill as shown in Appendices 31-34. The other ends of
the air lines were attached to the solenoids. The solenoids were placed adjacent
to the workcell, thus, meeting the neat and easily accessed design requirements
of the workcell. A bank of eight solenoids, supplied by one air line, mounted on
a single manifold was used as it was readily available.(Appendix 27) Five
solenoids were needed to control the different air flow requirements of the
interface body and the two end effectors. However, the robot's output control
capacity only allowed for operation and electrical signal connection of four
external devices. Considering each tool's operation, one solenoid requirement
could be eliminated. In the design of the flow system supplying the vacuum
gripper, a vacuum pump was used for vacuum generation instead of a venturi
due to the tool needing to be capable of blowing air, as well as pulling a vacuum
through the same opening. With this design feature inmind a flow diverting
valve was added to the air supply line to QCTS. (Appendix 27) This allowed for
connection of both the vacuum pump and the solenoid to the flow diverting
valve. One air line from the solenoid and one air line from the vacuum pump
was connected to the output port of the flow diverting valve. One air line was
connected between the flow diverting valve and the QCTS to complete the
pneumatic circuit of the VG. The flow diverting valve was actually designed to
93
Appendix
Appendix 28 Multiple Tool Work Cell for
Assembling Micro Motor
have one input air line and two output air lines. However, for this application,
the valve was used in reverse of its normal operation. Hence, the flow diverting
valve served two functions with only one signal requirement. Thus, a solenoid
was eliminated but, the system still functioned as designed.
The electrical wiring, the external power supply, and the electrical
terminal junction strips were all easily located outside the work space of the
robot. Fortunately, this operation was painless, as wires like air lines have the
tendency to get tangled and messy. The electrical requirements of the equipment
varied from unit to unit. The output of the robot required 24 volts to operate any
of its signals. The solenoids required 24 volts for operation. The power supply
and the vacuum pump required 110 volts for operation while the flow diverting
valve only required 24 volts. Electrical power requirements of the vision system
were supplied directly to the camera through a dedicated output port on the
robot controller.
The design considerations of lighting, background lighting, reflections
and shadows, and color contrasting work surfaces were all intimately related.
Specific lighting was required for illuminating the desired objects for recognition
by the vision system. However, too much lightwashed out an image, thus,
causing it to disappear from the view of the camera. Background lighting caused
objects to have a shadow on one side of the image, causing edges of the image to
thicken and become diffuse further causing incorrect identification of a part or
incorrect identification of orientation of a part. This caused the vision system to
instruct the robot to move to a false location and subsequently fail to pick up or
put down an object. All of the above conditions and situations caused the robot
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Appendix 28 Multiple Tool Work Cell for
Assembling Micro Motor
assembly operation to halt. Lighting caused objects to reflect light in various
directions depending on the light impingement of a surface. Reflections of light
from objects nearby the work cell also caused difficulties for a vision system.
Particular attention was paid to all surfaces and their respective surface finishes
within and adjacent to a work cell as each contributed to the malfunctioning of
an automated vision-assisted robotic assembly.
Recognition of the motor parts for this application, first, required a sheet
of white paper to be placed in the work cell. This was used to cover the
mismatch of color in the base of the work cell and to provide reflection of the
room's light for general brightness. Next, a fluorescent lightwas mounted,
directly below but offset from the vision system camera, on link 2 of the robot.
This provided illumination of the work space from above while keeping it out of
the work area of the robot. Then, the color-contrasting work surfaces (the top
surfaces of the pallets) were placed into the work cell. The pallets were spray
painted black to provide the necessary color contrasting background for the
MSM parts and the vision system. The actual coverage of the paint was light.
The surfaces appeared black but diffuse. The reason that the paint coverage was
light was to increase the chance of being able to recognize each part in the same
field-of-view. The MSM parts were made of various materials and are of various
colorings. The housings and stators weremetal and appeared gray and shiny.
The bobbins were plastic and appeared light yellow in color. The washers were
made of a paramagnetic material and appeared jet black in color.
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Figure 34: Color Contrasting Pallet
The work surface color allowed presentation of all parts at the same time
while notwashing out any of the images seen by the vision system. Due to the
black color of the washer, it required that it have its own dedicated area within
the pallet as its background color needed to be changed to white for proper
recognition of the part. However, this white area needed to be minimized due to
the reflectance and illuminance projected from the white surface. A small piece of
white copier paper was used. This reflectance and illuminance caused some
problems for recognition of other parts, thus, it was necessary to minimize its
size.
Motor Assembly
The micro motor was to be assembled in two separate halves, which were
to be assembled together at a later time. This portion of the motor assembly is
not included in the scope of this multiple tool approach. The vision system had
too many problems with repeatability of recognition during the attempt to use
multiple tools to assemble the motor. Thus, the multiple tool approach with
vision was not successful in assembling the MSM.
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Appendix 29 Multi-Tool End-of-Arm Tooling Photographs
Quill to QCTS
Adapter Plate
Quick Change
Tool System
(QCTS)
Tool Change
Plate
Adapter Plate
Actuator
Fingers
Tool Body
Pick Up
Tip
Two Finger Gripper
(TFG)
VacuumGripper
(VG)
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Appendix 30 Quill to QCTS Adapter Plate
Machined Hole Location Detail
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Appendix 31 Quill to QCTS Adapter Plate
Critical Surface Callouts
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Appendix 32 Quill to QCTS Adapter Plate
Feature Callouts and Hole Detail
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Appendix 33 Quill to QCTS Adapter Plate
Air Line Hole Detail
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Appendix 34 Tool Change Plate Isometric
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Appendix 35 Tool Change Plate
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Appendix 36 Tool Change Plate Front View Detail
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Appendix 37 Tool Change Plate Side View Detail
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Appendix 38 Tool Change Plate Top View Detail
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Appendix 39 Tool Change Plate Detail A-A
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Appendix 40 Two Finger Adapter Plate Isometric
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Appendix 41 Two Finger Adapter Plate and Hole Detail
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Appendix 42 Two Finger Adapter Plate Mill Recess Detail
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Appendix 43 Photograph ofVacuum Gripper
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Appendix 44 Vacuum Gripper Assembly Drawing
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Appendix 46 Vacuum Gripper Adapter Plate
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Appendix
Appendix 47 Vacuum Gripper Isometric
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Appendix
Appendix 48 Vacuum Gripper
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Appendix
Appendix 53 Calibration Tool Changer Top View Detail
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Appendix 54 Calibration Tool Changer Side View Detail
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